Holographic optical coherence imaging acquires en face images from successive depths inside scattering tissue. In a study of multicellular tumor spheroids the holographic features recorded from a fixed depth are observed to be time dependent, and they may be classified as variable or persistent. The ratio of variable to persistent features, as well as speckle correlation times, provides quantitative measures of the health of the tissue. Studies of rat osteogenic sarcoma tumor spheroids that have been subjected to metabolic and cross-polymerizing poisons provide quantitative differentiation among healthy, necrotic, and poisoned tissue. Organelle motility in healthy tissue appears as super-Brownian laser speckle, whereas chemically fixed tissue exhibits static speckle.
Cells within healthy tissue exhibit changes in cell shape during growth and differentiation and also display organelle motility. These dynamic properties are usually studied with high-resolution microscopy, which is limited to thin biological sections no thicker than 100 200 mm (when one is using confocal microscopy 1 ). However, information on subcellular motion can be obtained at much broader scales by use of the time dependence of laser speckle 2 from image-bearing light that penetrates up to a millimeter when coherencedomain imaging techniques are used. 3 
Yu et al.
recently obtained what are believed to be the f irst depth-gated holographic images of structure from living tissue. 4 In this Letter we use holographic optical coherence imaging (OCI) to investigate the time dependence of speckle images acquired 200 mm deep inside rat osteogenic sarcoma tumor spheroids treated with metabolic and cross-linking poisons. The speckle statistics show clear differentiation among the different states of health of the tumor tissue and may represent an important new diagnostic for clinical imaging applications.
Optical coherence imaging uses image-domain holography to differentiate weak coherent backscattered light from multiply scattered light that is typically many orders of magnitude brighter. 5, 6 The holographic f ilm used in OCI is a photorefractive quantum-well device. 7 -9 The hologram is written between the coherent fraction of the returned light and an intense reference pulse. In a degenerate fourwave mixing arrangement, the reference pulse acts as the readout and is imaged to a CCD camera. The short pulse (or short-coherence) source provides a coherence gate that selects light with a specific time of f light corresponding to a f ixed depth. Images from different depths in the sample are obtained by scanning an optical delay line.
In this study we used rat osteogenic sarcoma tumor spheroids that are aggregations of tumor cells in a nearly spherical structure. They are convenient models of small nodular tumors in the avascular stage of growth and provide a three-dimensional cellular environment that is appropriate for studying intercellular and intracellular signaling. The spheroids have a well-defined tissue morphology that changes as a function of radius, exhibiting an outermost shell of healthy cells 100 to 200 mm thick and an inner necrotic region. A thin shell of apoptotic cells separates the healthy from the necrotic tissues. We use rat osteogenic sarcoma tumor spheroids that have enhanced microcalcifications in the internal necrotic regions, roughly analogous to microcalcif ications that appear in breast tumors.
The principle data acquisition format in OCI experiments on tumor spheroids is called a f ly-through. Details of the optical layout are given in Ref. 4 . The data layout consists of a stack of en face CCD frames referenced to successive optical delays. During acquisition by a computer, the interframe time is typically 1.5 s but can be played back at rates compatible with an interactive video f ly-through. The stack of frames from a single f ly-through form a data cube from which representative data visualizations can be performed. The individual frames of the data cube show bright speckle features that change with time and with delay.
To study time-dependent properties of the holographic features recorded by OCI from the tumor spheroids, we perform a second kind of f ly-through, called a punctuated f ly-through. This begins as a standard f ly-through, passing through the upper layers of the tumor spheroid, but then the delay stage is stopped and held at a fixed position for 40 consecutive frames, after which the regular f ly-through is resumed. The 40 stopped frames record time-dependent speckle from a f ixed plane within the tumor. In image autocorrelation analyses of the stopped frames the frame number becomes a time index (1.5 s͞frame) that provides information on correlation strengths and correlation times of the speckle images from the tumor tissue. These strengths and times may be used to quantify the health of the tissue and to track the inf luence of various poisons (or drugs) on the tissue.
The average transverse speckle size in the data is obtained by averaging the two-dimensional x y autocorrelations of the stopped data frames. The full width at half-maximum (FWHM) of the autocorrelation is approximately 40 mm for each axis, which is the same as the lateral resolution of the system. The calculated speckle size from the Fourier f ilter in the optical path is 38 mm, in good agreement with the measured results. The longitudinal resolution of our system is set by the nominal 100-fs pulses, f ixing a depth resolution near 21 mm in the sample. In a longitudinal autocorrelation analysis of a f ly-through of a cross-linked tumor (with the proteins polymerized by glutaraldehyde), the autocorrelation FWHM of the data was 22 mm, which is consistent with the coherence length.
These experimental results on the holographic feature sizes illustrate that all features present in the OCI data set arise from subresolution structure in the tumors. Extended structures provide a broader envelope that spatially modulates the speckle. Conventional microscopic imaging of these tumors finds two characteristic structural elements in the necrotic region of the tumor: extended voids of extracellular debris that can extend up to 100 mm and small microcalcifications that are typically 10 20 mm in size. This comparison suggests that the bright holographic features in the OCI data set arise from small-scale heterogeneity, including microcalcif ications, while the more diffuse (but larger) necrotic voids produce longer-range but weaker correlations.
The holographic features in the OCI data set can be classif ied either as persistent (associated with static structures in the tumors such as microcalcif ications) or as variable (associated with Brownian motion and with cell and organelle motility in healthy tissue). The stopped frames are used to produce a feature map of the two classes at the f ixed depth set by the delay line. The static and variable features are identified by comparison of the maximum intensity during the 40 stopped frames to the average intensity. When the maximum and average closely coincide, this represents a feature that persists through the full set of frames. When the maximum is significantly larger than the average intensity, this represents a feature that lit up momentarily and was otherwise dark and is hence designated as a variable feature.
An example of the feature-mapping process is shown for a healthy tumor (Fig. 1) . Figure 1(a) shows the average intensity for 40 stopped frames from a plane approximately 200 mm below the top of the tumor. The maximum intensities recorded for the same frames are shown in Fig. 1(b) . When the ratio of the maximum to the average is greater than 4.0, it is classif ied as variable; otherwise, it is classif ied as persistent. Features that are constant in all frames are deemed to arise from the photorefractive multiple-quantum-well device and are omitted from the feature analysis. The f inal feature map is shown in Fig. 1(c) . For the healthy tumor, 52% of the features are variable and 48% are persistent. The persistent features are due to the specif ic structure that is part of the stationary morphology of the tissue. The variable features are due to subresolution objects that are in motion within the tissue and within the cells. Motion can arise from both Brownian motion and cell or organelle motility. The variable-to-persistent ratio for the healthy tumor sets a baseline against which other tumors, such as poisoned tumors, can be compared.
Feature maps are shown in Fig. 2 for [Fig. 2(a) ] a 750-mm-diameter healthy tumor, [ Fig. 2(b) ] the same tumor after it is metabolically poisoned by the addition of sodium azide (a poison that blocks membrane electron transport in the mitochondria), and [ Fig. 2(c) This quantitative distinction among healthy, poisoned, and cross-linked tumors based on the feature maps is complemented by an autocorrelation analysis of the stopped frames. The temporal autocorrelation traces for the three tumor types are shown in Fig. 3 . The healthy tumor with active organelle motility shows an autocorrelation time of 5.7 s. The metabolically poisoned tissue shows an autocorrelation time of 7.5 s.
The cross-linked tissue shows a long correlation time of 13.5 s, although this value after deconvolution with the finite 40 frames (60 s) would be even longer. In addition to the correlation times, the magnitude of the autocorrelation function at large times provides yet another quantitative measure that differentiates among the various states of health of the tumor tissue. Healthy tissue exhibits 40% correlation at long times compared with cross-linked tissue, which shows 80% correlation at long times.
In conclusion, we have found that OCI datasets generated by punctuated f ly-throughs of selected tumor spheroids yield several quantitative measures of the health of the tissue. The feature maps based on maximum relative to average intensities separate features into either persistent or variable classes, with clear trends differentiating among healthy, poisoned, and chemically f ixed tissue. The autocorrelation analysis leads to quantitative metrics based on correlation times, which vary from super-Brownian for healthy, to Brownian for dead, to static for f ixed tissue. The quantitative metrics of the health of the tumor tissue may be useful diagnostic tools for assessing the eff icacy of cancer drugs or for intraoperative applications.
